ABSTRACT Similar to all mobile communication networks, synchronization in the time-frequency domain is a fundamental step that allows a fifth-generation (5G) new radio (NR) user equipment (UE) to properly receive and transmit its data. Due to the wide range of frequencies that are defined for the 5G NR systems, the corresponding synchronization procedure becomes critical and presents many challenges, especially for the applications that would need accurate oscillators to reduce the large values of the frequency offset. In this paper, we present and detail the 5G NR physical layer. Then, we describe the required synchronization procedure for 5G NR. And finally, we present the main challenges and issues within the 5G NR synchronization.
I. INTRODUCTION
Fifth generation (5G) new radio (NR), the mobile communication standard presented by the 3rd generation partnership project (3GPP) as the 3GPP Release 15 [1] - [3] , presents a major improvement of the long term evolution-advance (LTE-A) standard, where the main focus is on enhanced mobile broadband, ultra-reliable and low latency communications, and massive machine-type communications. To achieve these goals, 3GPP has introduced a unified network architecture, with a new physical layer design that supports very high carrier frequencies (mmWaves), large frequency bandwidths, and new techniques such as massive multiple-input and multiple-output (MIMO), and beamforming [1] - [3] .
Those major modifications increase the synchronization procedure challenges.
In fact, the very high defined carrier frequencies result in large values of frequency and time offsets, which need an accurate and expensive oscillator to align a transmitter and a receiver for interference free communications. The sources of interference are mainly related to the imperfections of orthogonal frequency-division multiplexing (OFDM) systems, which suffer from the time and frequency offsets that result in inter-carrier interference (ICI), and
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inter-symbol interference (ISI) [4] - [7] . The time offset is due to the transmission delay, where the transmitted signal reaches the receiver delayed in time [8] , [9] . In this case, the receiver does not know when the transmitter sent a new burst. Usually, the normalized timing offset is considered, which is equal to the number of samples between the transmitted signal and the received signal [4] , [6] . If the normalized timing offset is larger than the cyclic prefix (CP) length, then a misalignment of the fast Fourier transform (FFT) window can be observed, which results in ISI and ICI. Otherwise, only a phase offset can be observed [4] , [6] . The estimation and correction of the time offset should be done in the pre-FFT synchronization stage, by using specific synchronization algorithms. In the literature, the auto-correlation and cross-correlation algorithms are well known and used in wireless communication systems [10] , [11] . In the first algorithm, the received signal is correlated with a delayed version of the same signal. However, in the second algorithm, the received signal is correlated with a stored pattern known to the receiver to estimate the time offset [4] , [6] . Beside the time offset, the errors in the transmitter and the receiver oscillators result in frequency offset, which is a linear phase over the time domain samples and it causes ICI over the subcarriers [10] , [12] , [13] . In contrast to the time offset, this phase offset increases in time as it is directly proportional to the discrete time index. The frequency offset in OFDM is usually normalized to the sub-carrier spacing as the ratio between the frequency error and the sub-carrier spacing. In addition, a mismatch between the sampling frequency at both transmitter and receiver presents another source for the time offset.
In addition, the 3GPP has introduced a new highdimensional phased arrays based mechanism to establish highly directional transmission links between the next generation node base station (gNB) and the user equipments (UEs). This mechanism requires fine alignment of the transmitter and the receiver beams, achieved through a set of operations known as beam management. The beam management needs complex algorithms and high level processing at gNBs and UEs to perform a variety of control tasks, including initial access, and beam tracking [14] , which increase the synchronization procedure challenges.
In the reminder of this paper, the 5G NR physical layer is presented and detailed in Section II. In Section III, the required synchronization procedure and steps for 5G NR are described. Then, the main challenges and issues within the 5G NR synchronization are investigated in Section IV. Finally, conclusions are drown in Section V.
II. OVERVIEW OF 5G NR PHYSICAL LAYER
In this section, we present an overview of the 5G NR physical layer. The 3GPP references that detail all the specifications of the 5G NR as well as the used versions in this paper are presented in Table 1 . Based on these 3GPP specifications, we present and detail in the following the 5G NR physical channels and signals as well as the frame structure.
A. PHYSICAL CHANNELS AND SIGNALS
The different 5G NR physical channels and signals are presented in Fig. 1 [1] . To figure out the differences between the 5G NR and the LTE in terms of physical channels and signals, we present in Table 2 , a comparison between the two standards for each physical channel and each physical signal, where SHCCH denotes the shared and control channels.
B. 5G NR FRAME STRUCTURE
Based on the 3GPP specifications in [1] , the 5G NR frame structure is described in this subsection. The 5G NR frame structure consists of N frame subframe = 10 subframes each of 1 ms. Different than LTE frame, each 5G NR subframe has flexible number of slots, which depends on the used numerology (µ). As presented in Fig. 2 In frequency domain, and similar to LTE standard, a resource block (RB) is defined as 12 consecutive subcarriers. Let f denotes the subcarrier spacing. In 5G NR, f is flexible and depends on the used numerology, e.g., f = 2 µ × 15 [kHz] . In the following, we focus on the time-frequency structure of the 5G synchronization block (SS/PBCH), which is denoted by SSB. Overall description on the VOLUME 7, 2019 resource allocation for SSB is described in Table 3 Based on Table 3 , the summary of the SSB specification are as follows:
• SS (PSS and SSS) and PBCH in NR is transmitted in the same 4 symbol block.
• SSB consists of 240 contiguous subcarriers (20 RBs).
• The subcarriers are numbered in increasing order from 0 to 239 within the SSB. Table 3 can be represented in resource grid as shown in Fig. 3 . This SSB structure is general and defined for all the numerology in 5G NR. However, for a half frame, the number and first symbol indexes for candidate SSBs are different and determined according to the corresponding subcarrier spacing as follows [3] :
• Case A -15 kHz Subcarrier Spacing: The first symbols of the candidate SSBs have indexes of {2, 8} + 14 × n. For carrier frequencies smaller than or equal to 3 GHz, n = 0, and 1. For carrier frequencies larger than 3 GHz and smaller than or equal to 6 GHz, n = 0, 1, 2, and 3. • Case B -30 kHz subcarrier spacing: the first symbols of the candidate SSBs have indexes {4, 8, 16, 20}+28× n. For carrier frequencies smaller than or equal to 3 GHz, n = 0. For carrier frequencies larger than 3 GHz and smaller than or equal to 6 GHz, n = 0, and 1.
• Case C -60 kHz subcarrier spacing: the first symbols of the candidate SSBs have indexes {2, 8} + 14 × n. For carrier frequencies smaller than or equal to 3 GHz, n = 0, and 1. For carrier frequencies larger than 3 GHz and smaller than or equal to 6 GHz, n = 0, 1, 2, and 3.
• Case D -120 kHz subcarrier spacing: the first symbols of the candidate SSBs have indexes {4, 8, 16, 20} + 28 × n. For carrier frequencies larger than 6 GHz, n = 0, 1, 2, 3, 5, 6, 7, 8, 10, 11, 12, 13, 15, 16, 17 , and 18.
• Case E -240 kHz subcarrier spacing: the first symbols of the candidate SSBs have indexes {8, 12, 16, 20, 32, 36, 40, 44} + 56 × n. For carrier frequencies larger than 6 GHz, n = 0, 1, 2, 3, 5, 6, 7, and 8.
C. SYNCHRONIZATION SIGNALS
Similar to 4G networks, the synchronization signals PSS and SSS are used in 5G NR systems to help the UEs to get radio frame boundary and to detect the cell identity (ID). In 5G NR systems, each radio cell is identified by a cell ID from 1008 IDs that are arranged into 336 different groups. Each group is identified by the cell ID group, N
ID ∈ {0, . . . , 335}, and consists of three different sectors, which are specified by the cell ID sector, N 
ID
. The 5G NR cell ID concept is the same as in 4G networks. However, the number and the generation of the corresponding synchronization signal sequences are different. In the following, we present these differences, and the details of the 5G NR signal generations.
1) PSS
In 4G networks, each PSS consists of one of three 62-symbols Zadoff-Chu sequences and is mapped to the central 72 subcarriers with a guard band of 10 subcarriers. For FDD frame, PSS is allocated on symbol # 6 (last symbol) of slot # 0 (subframe 0) and slot # 10 (subframe 5) of each radio frame. And, for TDD frame, PSS is allocated on symbol # 2 of slot # 2 (subframe 1) and slot # 12 (subframe 6) of each radio frame.
Similar to 4G networks, the 5G-NR PSS is a physical layer specific signal and helps UEs to get radio frame boundary, and to detect the cell ID sector, e.g., N (2)
ID
. However, the 5G NR PSS consists of one of three 127-symbols m-sequences and is allocated on the first symbol of each SSB, and on 127 subcarriers. The 3 possible m-sequences for the PSS are defined as follows [1] 
where,
and,
In 4G networks, each SSS consists of one of 168 62-symbols m-sequences. Similar to PSS, the SSS is mapped to the central 72 subcarriers with a guard band of 10 subcarriers. For FDD frame, SSS is allocated on symbol # 5 of slot # 0 (subframe 0) and slot # 10 (subframe 5) of each radio frame. And, for TDD frame, SSS is allocated on symbol # 6 (last symbol) of slot # 1 (subframe 0) and slot # 11 (subframe 5) of each radio frame. Similar to 4G networks, the 5G-NR SSS is used to detect the cell ID group, e.g., N
(1)
. However, the 5G NR PSS consists of one of 336 127-symbols gold sequences and is allocated on the third symbol of each SSB, and on 127 subcarriers. The 336 possible gold sequences for the SSS are defined as follows [1] 
III. SYNCHRONIZATION PROCEDURE IN 5G NR SYSTEMS
Due to the wide range of the new defined frequencies in 5G NR systems, the corresponding synchronization procedure becomes more critical and presents many challenges. Recently, the synchronization procedure in 5G NR systems is presented in [3] . In this section, the main steps of the 5G NR synchronization procedure are detailed first. Then, numerical results are presented to evaluate this procedure.
A. MAIN STEPS OF 5G NR SYNCHRONIZATION
The 5G NR synchronization procedure is based on the beam management operations, including (i) initial access for idle users, which allows a mobile UE to establish a physical link connection with a gNB, and (ii) beam tracking, for connected users, which enable handover, beam adaptation, and radio link failure recovery procedures. The beam management is based on four different operations; (i) Beam sweeping, (ii) Beam measurement, (iii) Beam determination, and (iv) Beam reporting. Based on theses four operations, we present in Fig. 4 , the general 5G NR synchronization procedure, which can be summarized as follows: By using a beam sweeping, the gNB periodically transmits SS burst that carries multiple SSBs, with periodicity T SS = {5, 10, 20, 40, 80, or 160} ms [14] . As shown in Fig. 5 , each SSB is transmitted via a specific beam with pre-specified interval and direction. The SSBs in a half frame are indexed in an ascending order in time from 0 to L − 1.
For initial access case (idle mode), the UE should start by the cell search procedure. By using the PSS, SSS, and specific synchronization algorithms, the UE can estimate and correct the frequency and time offsets. In the next subsection, we present and details some well know and used synchronization algorithms in the literature.
After decoding the PSS, the UE can detect the cell ID sector (N After detecting the cell ID, the UE should identify the candidate SSB within the SS burst (set of L SSBs). As we have detailed in Subsection II. B, for each subcarrier spacing, there is a set of candidate SSBs with different first symbol indexes per a half-frame. Each SSB is corresponding to a specific beam. So, to detect the serving beam index, the UE should identify the corresponding SSB index (0, 1, 2, .. or L − 1). Based on the received PBCH, the UE shall determine the 2 least significant bits (LSBs), for L = 4, or the 3 LSBs, for L > 4, of the candidate SSB index per half frame from a one-to-one mapping with an index of the DMRS sequence transmitted in the PBCH. The rest of the SSB index is carried by the PBCH data.
For example, let us consider the case of 15 kHz subcarrier, a carrier frequency less than 3 GHz, and L = 4. Based on that, the SBBs are allocated at symbol indexes 2, 8, 16, and 22. Each of them has a unique SSB index, i SSB , (2 bits in this case) and is corresponding to unique sample timing, which refers to the sample accurate timing, e.g., the sample corresponds to the first sample, of a given symbol, in a given slot per a frame. Therefore, the UE can detect the i SSB from decoding the corresponding PBCH, where the corresponding DMRS is a function of i SSB . For example, if the UE successfully decodes the PBCH with a DMRS carries i SSB = 0, then the corresponding SSB is mapped to symbol 2 of the half-frame, and then the UE can detect the sample timing within the 5 ms.
After that, the UE has to know which 5 ms is this in a radio frame (the first 5 ms or the second 5 ms). This extra bit is provided by the master information block (MIB), and also by the DMRS in case of L = 4. So after decoding the PBCH, the UE knows the sample timing within the full frame.
In addition to the sample timing, the UE should detect the system frame number (SFN). The SFN is divided into two parts (i) 4 LSBs that are used within the channel encoding of the MIB message itself, and (2) 6 most significant bit (MSBs) that are part of the MIB data. During the MIB decode, there will be blind decode trials since UE does not know the 4 LSBs of the MIB that are used during the channel encoding. So, it will try different combinations while decoding the MIB, each corresponds to a unique 4 LSBs. One of them should get into success, and then the UE will know the 4 LSBs of the SFN. Hence, once the MIB is decoded successfully, the corresponding SFN will be known in full.
The decoded DMRS (associated with the PBCH) can be used to measure the reference signal received power (RSRP) of the candidate SSB, which can be used for the beam measurement, with the other measurements of the RSRP, and the reference signal reported quality (RSRQ) given by SSS.
Based on the beam measurement, the beam determination can be done and the UE can decide which is the best beam.
During the beam reporting, and based on the necessary parameters that are including in the MIB, the UE can decode the system information block (SIB) that is transmitted by the gNB over PDSCH and includes the RACH resources. Based on that, the UE can transmit Message 1 (RACH preamble) on the configured RACH resources via the selected beam.
After receiving Message 1, the gNB responds with Message 2 (random access response (RAR)). Then, the UE transmits Message 3 (RRC connection request), and the gNB sends Message 4 (RRC connection setup) to the UE. Finally, the UE sends to the gNB Message 5 (RRC connection setup complete).
Once random access procedure is completed, dedicated connection is established between UE and gNB with dedicated connection ID.
These procedures are used to update the optimal transmitter and receiver beam pair over time.
For beam tracking case (connected mode), the beam management operations use CSI-RS (in DL) and SRS (in UL) to transfer the beam/CSI report and the DL control information (DCI) between the gNB and the UE, and to update the connection via the strongest selected beam.
For initial access case (idle mode), as we detailed before, the beam management operations use PSS, SSS and PBCH DMRS, where the cell search procedure is required to detect the cell ID. The cell search procedure is a crucial step in the 5G NR synchronization as it needs accurate time and frequency offsets detection and correction. In the following we focus on the details of this procedure.
To access to the network or during a handover operation, the UE has to acquire correct timing and frequency synchronization to recover the cell ID of the serving gNB. This first operation is known as initial cell-search, which can use different algorithms of estimation and correction of frequency and time offsets. These synchronization algorithms are neither provided nor presented in the 3GPP specifications. In the literature, the cross-correlation and auto-correlation methods are well known and used in wireless communication systems [10] , [11] . In the following, we details these two correlation based synchronization algorithms that can be used in 5G NR Networks.
1) CROSS-CORRELATION SYNCHRONIZATION ALGORITHM USING PSS
In this cross-correlation process, the received signal is correlated with the PSS stored pattern known to the receiver. The cross-correlation based algorithm can be summarized as follows: Let r(n) be the perfect received signal in the discrete time domain, which is expressed as follows:
where, s(n) is the transmitted signal, h(n) is the channel impulse response (CIR), w(n) is the noise term, and ⊗ is the linear convolution operator. In the presence of carrier frequency offset (CFO), the received signal expression becomes
where, is the normalized frequency offset to the sub-carrier spacing, which can be separated into integer frequency offset (IFO: I ), and fractional frequency offset (FFO: F ). Let θ denotes the estimated timing synchronization position of PSS, andî ∈ {0, 1, 2} denotes the estimate of cell ID sector. By using the time-domain received signal, a joint estimation ofθ andî can be done based on the following criterion [10] , [11] (θ ,î) = arg max
where, C(θ, i) is the cross-correlation, which is expressed as [11] C(θ, i) =
Here, r(θ + k) presents the delayed received signal, p i (k) denotes the PSS sequence time-domain waveform of cell ID sector i, and N FFT is the FFT number without CP. Based on that, the FFO estimation can be evaluated as follows [11] 
where, (.) and [.] * are the argument and complex conjugate operators, respectively. The PSS based cross-correlation synchronization algorithm is efficient for small values of CFO, asˆ F in equation (16) presents the estimate FFO only. VOLUME 7, 2019 2) AUTO-CORRELATION SYNCHRONIZATION ALGORITHM USING CP
In this auto-correlation method, a part of the received signal is correlated with the corresponding CP part. The autocorrelation based algorithm can be summarized as follows: Let γ (θ) and α(θ ) denote the correlation and energy terms, which are expressed as
respectively, where L is the CP length. Based on that, the maximum likelihood (ML) can be used to estimate θ and as follows [11] 
and,ˆ = −
where, ρ is the magnitude of the correlation coefficient between r(k) and r(k + N ), which is expressed as
with σ 2 S and σ 2 N are the signal and the noise powers, respectively. This method's accuracy can be improved by averaging the estimates of time and frequency offsets over several OFDM symbols. In a large CFO scenario, i.e., > 1, the FFO can be estimated by using the auto-correlation algorithm, and the IFO can be recovered in the frequency domain, by evaluating the shift of the received PSS. This method is insensitive to IFO and can offer an accurate estimation of FFO before the estimation of IFO, which is not the case for the crosscorrelation method. However, the auto-correlation method cannot provide the cell ID.
As presented in Fig. 4 , the estimation and correction of time-frequency offset is a crucial task in the overall 5G NR synchronization procedure. In the following sub-section, we present numerical results to investigate the 5G NR synchronization procedure.
B. NUMERICAL RESULTS AND INTERPRETATIONS
The conducted simulation parameters are provided in Table 4 and represent typical values representative of numerology 3 of 5G NR network.
The used 5G NR channel model is the tapped delay line (TDL)-A, where the corresponding channel parameters are presented in Table 5 .
The conducted numerical results is based on our developed 5G NR simulator, which uses the corresponding 3GPP specifications to evaluate the average BER for different timefrequency synchronization scenarios. Fig. 6 presents a performance comparison between crosscorrelation and auto-correlation algorithms in terms of time offset estimation error. It is clear here that both algorithms offer good performances in terms of time offset estimation error, with a slightly advantage of the auto-correlation method for θ = 5. These results confirm that both methods are efficient and able to offer a good estimation of time-frequency offset.
The impacts of time and frequency offsets on BER, with different values of , θ = 4, andθ = 4 are presented in Fig. 7 . As shown in this figure, for small values of , the two methods are able to estimate and correct the frequency offset to offer an acceptable BER. By increasing the values of , the autocorrelation method outperforms the cross-correlation method as it can offer a low CFO estimation error. However, for high CFO values, e.g., > 0.5, both method suffer from the high estimation error, which results in significant BER performance degradation.
In Fig. 8 , we present the required accuracy (maximum allowed error) of a given oscillator that can be used in 5G NR to offer a maximum CFO equal to 0.2 and 0.4. This figure shows that the oscillator accuracy is decreasing with the increased values of the carrier frequency (F C ). This is because, for a fixed value of , F C and the oscillator accuracy are inversely proportional; α = f 2 F C . In addition, it is clear that the CFO increases with the increased values of the maximum allowed error of the oscillator, which is expected.
As shown in the simulation results, to offer an acceptable BER, the synchronization methods are able to manage only a specific range of CFO, e.g., < 0.4. And to offer such values of CFO, an accurate oscillator is needed, where its accuracy is increasing with the increased values of the used carrier frequency, which presents a crucial issue for the 5G NR networks. Based on that, we present in the following sub-section, the main synchronization challenges in 5G NR systems.
IV. SYNCHRONIZATION CHALLENGES IN 5G NR SYSTEMS
The main challenge in 5G NR systems is the time-frequency synchronization in the presence of the wide range of the new defined frequencies. The new defined frequency band increases the imperfections of the used OFDM systems, which results in serious interference problems. To overcome this problems, new efficient synchronization procedure should be proposed, and a more accurate and expensive oscillator must be used. In fact, the frequency error is mainly related to the accuracy of the used oscillator, and the environment factors (mainly temperature) may deviate the used carrier frequencies. The frequency deviation is measured in parts per million (ppm), which is a value that represents the part of a whole number in units of 1/1000000, i.e., one ppm is equal to 1/1000000 of the whole:
In wireless communication, the ppm indicates how much the used oscillator's frequency may deviate from the nominal value. For example, in LTE, a 10 ppm crystal oscillator is used for the frequencies range of 3GHs and below. It means, that for a given LTE equipment that is using a carrier frequency of 3 GHz, its frequency error is equal to +/ − 10 ppm × 3 GHz= 30 kHz. Consequently, the real carrier frequency will be between (3 GHz-30 kHz) and (3 GHz+30 kHz), which presents the accuracy of the used oscillator. In LTE, this range is acceptable for frequency tolerance, where the corresponding frequency offset can be estimated and corrected during the synchronization procedure between the eNBs and the UEs. However, for 5G NR, a very wide range of frequencies is defined, which needs a very accurate oscillator, note that the oscillator's cost is inversely proportional to its ppm.
In addition, the used beamforming technique is based on precise alignment of the transmitter and the receiver beams, which needs complex algorithms and high level processing at gNBs and UEs. These algorithms and processing may increase the latency of establishing a link, and have important implications on control layer procedures, such as initial access, handover, and beam tracking.
In this context, many challenges for the 5G NR should be addressed:
• The current 10 ppm crystal oscillator that is used in LTE presents a high frequency offset, e.g., 60 kHz for 6 GHz. Based on that a more expensive oscillator should be used to offer less ppm, and hence less frequency offset.
• What is the maximum acceptable frequency error in 5G NR?
• How would the current commercial oscillators behave in the 5G NR?
• What is the expected accuracy for the current commercial oscillators?, and is it possible to offer an acceptable frequency error for the very wide range of the new frequencies?
• During the signaling procedure, are the gNBs and the users able to estimate and correct the frequency offset of the current commercial oscillators?
• Are the gNBs and the UEs able to use the proposed beamforming technique to establish a precise alignment of the transmitter and the receiver beams, especially for communication scenarios with mobility?
V. CONCLUSION
In this paper, we have described and investigated the synchronization procedure in 5G NR systems. First, we have detailed the 5G NR physical layer. Then, we have described the required synchronization procedure, and different synchronization algorithms for 5G NR. Based on that, numerical results are conducted and investigated to evaluate the synchronization procedure, and to present the main challenges, and issues within the 5G NR synchronization. As expected, the main challenge for the 5G NR systems is the timefrequency synchronization in the presence of the wide range of the new defined frequencies, and the performance limitation of the current commercial crystal oscillator.
